Analysis of temperature-sensitive (ts) mutant viruses is a classic method allowing 19 researchers to identify genetic loci involved in viral replication and pathogenesis. Here, 20 we report genetic analysis of a ts strain of mouse hepatitis virus (MHV), tsNC11, 21 focusing on the role of mutations in the macrodomain and the papain-like protease 2 22 (PLP2) domain of nonstructural protein 3, a component of the viral replication complex. 23 Using MHV reverse genetics, we generated a series of mutant viruses to define the 24 contribution of macrodomain-and PLP2-specific mutations to the ts phenotype. Viral 25 replication kinetics and efficiency of plating analysis performed at permissive and non- 26 permissive temperatures revealed that changes in the macrodomain alone were both 27 necessary and sufficient for the ts phenotype. Interestingly, mutations in the PLP2 28 domain were not responsible for the temperature sensitivity but did reduce the 29 frequency of reversion of macrodomain mutants. Co-immunoprecipitation studies are 30 consistent with an interaction between the macrodomain and PLP2. Expression studies 31 of the macrodomain-PLP2 portion of nsp3 indicate that the ts mutations enhance the 32 proteasome-mediated degradation of the protein. Furthermore, we found that during 33 virus infection, the replicase proteins containing the MAC and PLP2 mutations were 34 more rapidly degraded at the non-permissive temperature, as compared to the wild-type 35 proteins. Importantly, we show that the macrodomain-and PLP2-mutant viruses trigger 36 production of type I interferon in vitro and are attenuated in mice, further highlighting the 37 importance of the macrodomain-PLP2 interplay in viral pathogenesis. 38 39 40 on March 28, 2019 by guest http://jvi.asm.org/ Downloaded from Importance 41
genetics system (37). The first mutant virus, designated MACmut, contains the 155 macrodomain mutations K532E and G554D. The second virus was engineered with the 156 D1026N and D1071N mutations within the PLP2 domain and is designated PLP2mut.
profoundly temperature-sensitive, with a low number of plaques detected at the 10 -1 178 dilution plate incubated at the non-permissive temperature. The tsNC11 plaques that 179 were detected at the non-permissive temperature exhibited a large-plaque phenotype 180 suggesting that these viruses may be revertants. We found that the PLP2mut virus 181 formed large plaques at 40 o C, which is consistent with the results of the kinetic analysis 182 and indicates that the mutations in the PLP2 domain are not sufficient to cause the ts 183 phenotype. Analysis of the MACmut virus revealed a mixed population of small and 184 large plaques at the non-permissive temperature, the majority of which displayed the 185 small-plaque phenotype. The MAC/PLP2 mutant virus mirrored the plaque size and 186 plating efficiency of tsNC11. We calculated the EOP values, which represent the ratio of 187 viral titers obtained at 40 o C and 32 o C ( Figure 2B ). Again, both the PLP2mut and icWT 188 viruses had similar titers at both temperatures, resulting in an EOP of ~1. In contrast, 189 the MACmut virus exhibited titers that were significantly lower at 40 o C compared to 190 titers obtained at 32 o C (EOP=10 -2 ). These results indicate that the MACmut virus, but 191 not the PLP2mut or icWT viruses, has a defect in plaque formation at the non-192 permissive temperature. Taken together, these data demonstrate that the mutations in 193 the macrodomain, but not those in the PLP2 domain, are the major determinants of the 194 ts phenotype of tsNC11. Additionally, these results are consistent with a critical role of 195 the macrodomain in viral replication. Interestingly, we found that the MAC/PLP2 mutant 196 virus mirrored the plaque size and low reversion frequency of tsNC11 (EOP = 10 -5 ), 197 supporting a role for the PLP2 domain as a genetic enhancer of the ts phenotype. A 198 genetic enhancer, as defined by genetic studies of eukaryotic organisms, is a mutation 199 in one gene that intensifies the phenotype caused by a mutation in another gene (38 noticed that, in addition to the majority population having the small-plaque phenotype, a 202 subpopulation of large plaques were also present at 40 o C. The large plaques 203 consistently appeared even after several rounds of plaque purification of the small-204 plaque isolates. Therefore, we asked if the small plaques were formed by temperature-205 sensitive viruses, while the large plaques were due to revertant viruses. To address this 206 question, we selectively isolated plaques with different sizes and propagated them at 207 32 o C to obtain viral stocks for subsequent analysis (Figure 3 ). We found that the small-208 plaque isolates recapitulated the phenotype of the parental MACmut virus: small 209 plaques and similar EOP values ( Figure 3A) . In contrast, the large-plaque isolates 210 exhibited a phenotype similar to icWT. Sequencing results of PCR amplicons, 211 representing the region spanning the macro-and PLP2 domains, revealed that small-212 plaque isolates had no additional mutations in either the macrodomain or PLP2. In 213 evaluated the MAC-PLP2 region of tsNC11 large-plaque revertant viruses and found 224 that all three isolates had the D554-to-G reversion ( Figure 3C ), consistent with our 225 findings with the MACmut revertants.
226
Mutations in PLP2 enhance the ts phenotype by reducing reversion frequency. 227 We determined that the macrodomain mutations are the major contributors to the ts 228 phenotype; however, we noticed that the MACmut virus did not completely phenocopy 229 tsNC11. We found that the replication of the MACmut virus was defective at 40 o C, but 230 not at 37 o C. In addition, the MACmut virus exhibited a higher EOP value (10 -2 ) 231 compared to that of tsNC11 (10 -4 ) ( Fig 2B) , indicating a relatively high reversion 232 frequency. These data imply that mutations outside the macrodomain may enhance the 233 ts phenotype by stabilizing the replication defect, thereby preventing reversion to the 234 wild-type phenotype (38) . Therefore, we asked if the addition of the PLP2 mutations determine if the enhancement phenotype we detected here is due to an interaction 246 between the macro and PLP2 domains. hypothesis, we generated plasmids that express either an epitope-tagged macrodomain 254 (HA-MAC) or PLP2 domain (PLP2-V5) (depicted in Figure 4A ). When these plasmids 255 were co-transfected into HEK-293T cells, the expression of both the macrodomain and 256 PLP2 were detectable by the cognate epitope antibodies ( Figure 4B ). We detected HA-257 MAC in lysates immunoprecipitated with anti-V5, and inversely, PLP2-V5 was detected 258 when HA-MAC was immunoprecipitated from the lysates. These results indicate that the 259 ectopically expressed macrodomain associates with PLP2 in cell lysates, consistent 260 with either a direct or indirect interaction.
261
Mutations in the macrodomain and PLP2 domain affect protein stability. Because 262 we found that mutation in the macrodomain (G554D) is the major ts determinant and the 263 PLP2 mutations enhance the ts phenotype, we reasoned that these mutations might nsp3. We found that WT nsp2-3 and nsp3 were relatively stable, with loss of detection 286 occurring at 3 hours after the temperature shift and addition of CHX ( Fig 6C, lanes 2-8) .
287
In contrast, the levels of nsp2-3 and nsp3 in the MAC/PLP2mut-infected cells 288 diminished more rapidly, with reduced levels at 1.5 hours after the temperature shift and 289 addition of CHX ( Fig 6C, lanes 9-15) . These results support the finding that the MAC activity of these enzymes (32, 34, 35, (43) (44) (45) (46) . In addition, coronaviral macrodomains 296 have been shown to suppress IFN production both in vitro and in vivo (20, 21, 24, 25) . 297 We asked if the mutations in the macrodomain and PLP2 modulate the type I IFN 
